Aims. To constrain the ionization fraction in protoplanetary disks, we present new high-sensitivity interferometric observations of N 2 H + in three disks surrounding DM Tau, LkCa 15, and MWC 480. Methods. We used the IRAM PdBI array to observe the N 2 H + J=1-0 line and applied a χ 2 -minimization technique to estimate corresponding column densities. These values are compared, together with HCO + column densities, to results of a steady-state disk model with a vertical temperature gradient coupled to gas-grain chemistry. Results. We report two N 2 H + detections for LkCa 15 and DM Tau at the 5σ level and an upper limit for MWC 480. The column density derived from the data for LkCa 15 is much lower than previously reported. The [N 2 H + /HCO + ] ratio is on the order of 0.02-0.03. So far, HCO + remains the most abundant observed molecular ion in disks.
Introduction
A comprehensive understanding of the chemical composition and evolution of protoplanetary disks is a necessary prerequisite to set up the physical and chemical conditions in which planet formation should occur. Apart from CO and its isotopologues, and occasionally HCO + , the molecular content of protoplanetary disks remains poorly known. Dutrey et al. (1997) first reported the discovery of a number of simple molecules (HCN, CN, C 2 H, H 2 CO, and CS) in the circumstellar disk of DM Tau and the circumbinary disk of GG Tau, using the IRAM 30-m telescope, while Kastner et al. (1997) observed HCN, HCO + , and CO in TW Hydra. Single-dish observations of molecular lines have also been reported for LkCa 15 (van Zadelhoff et al. 2001; Thi et al. 2004 ) and for AB Auriga by Semenov et al. (2005) .
More recently, millimeter arrays have started to search for molecular lines in the protoplanetary disks of LkCa 15 Qi et al. 2003) and TW Hydra (Qi et al. 2004 ). However, high-angular resolution observations are extremely scarce and often noisy. Moreover, the simultaneous detection of the continuum emission from the dust disk can bias the determination of the line intensity if not properly taken into account.
Since molecular line data are limited in sensitivity and in spatial resolution, little is known about the spatial distribution of molecules and their abundances in disks. As a consequence, comparison with existing chemical models are hampered and often based on global data (e.g. the total number of molecules or, at best, integrated line profiles). With these integrated quantities, it is difficult to test the validity of sophisticated models, which include thermal structure and even time dependency. Using the IRAM PdBI array, we started in 2004 the CID project ("Chemistry In Disks"), a molecular survey of wellknown disks such as those surrounding LkCa 15, MWC 480, and DM Tau. Our main goal was to map sufficiently strong molecular lines already detected in several disks with enough sensitivity to derive molecular abundance variations versus radius. Among the molecules we searched for, molecular ions such as HCO + or N 2 H + are of great interest because they are potential tracers of the ionization structure of the disks. Note that the latter molecular ion is usually used as a highdensity tracer in dense molecular cloud cores as it is supposed to barely freeze out onto dust grains even at low temperatures (e.g. Crapsi et al. 2005) .
In this first paper of a series we report the observations of N 2 H + in three objects: DM Tau, LkCa 15, and MWC 480. Using the χ 2 -minimization technique in the UV plane as described in Guilloteau & Dutrey (1998; see also Piétu et al. 2007 , for details), we estimate the column density of N 2 H + in the outer parts of these disks and the corresponding uncertainties. We compare these observed values with the N 2 H + column densities computed with realistic 2-D steady-state disk models and a gas-grain chemistry with surface reactions. We also briefly discuss the observed properties of HCO + in these disks (using results from Piétu et al. 2007 ) and deduce an estimate of the ionization fraction.
In Sect. 2, we describe the observations and the sample of stars. The results are given in Sect. 3. Sect. 4 is dedicated to the corresponding chemical modelling. We discuss their implications in Sect. 5, followed by conclusions. Table 1 gives the coordinates and the physical properties of the observed stars. Our stars have spectral types ranging from M1 to A4. We chose these objects because they have large dust and molecular disks. Moreover, these stars are located in a hole or at an edge of their parent molecular cloud, in a region devoid of CO emission.
Sample of stars and observations

Sample of stars
Observations
Observations of N 2 H + were carried out in November 2004 and in April and September 2005. The observing time was shared in each track between LkCa 15, MWC 480, and DM Tau. The D configuration was used with 6 antennas. The sources were observed in time-sharing mode during 3 transits, leading to a total on source integration time of about 6 hours for each object. At 3 mm, the tuning was single-side-band (SSB). The backend was a correlator with three bands of 20 MHz (spectral resolution 0.125 km s −1 ) centered on the N 2 H + lines, one band of 20 MHz centered on the CS J=5-4 line, and 2 bands of 320 MHz for the 1.3mm and 3mm continuum, respectively. The phase and flux calibrators were 0415+379 and 0528+134. + J=1→0 for DM Tau (top), LkCa 15 (middle), and MWC 480 (bottom). The thick curve represents the best model deduced from the χ 2 minimization procedure. The location and relative intensities of the hyperfine components are indicated for reference. The spectral resolution is 0.25 km s −1 for DM Tau and LkCa 15 and is 0.5 km s −1 for MWC 480. For DM Tau and LkCa 15, the lines are detected at the 5σ level, but are difficult to identify visually because of the seven hyperfine components.
Observations of HCO
+ are reported in Piétu et al. (2007) . At 3 mm, the primary beam of the 15-m antennas is on the order of 56
′′ , or ∼ 8000 AU at the Taurus distance. For both data sets, we took great care with the relative flux calibration by using not only MWC 349 as a common reference (see the IRAM flux report, number 11) but also by always Dutrey, Henning et al.,: CID Coordinates J 2000.0 deduced from the fit of the 1.3mm continuum map of the PdBI performed in Piétu et al. (2007) . Col.3,4, 5, and 7 are the spectral type, effective temperature, the stellar luminosity and age as given in Simon et al. (2000) . Masses are as given by Piétu et al. (2007) . The stellar UV fluxes that are given in Col. 8 in units of the Draine (1978) having our own internal reference in the observations. For this purpose we applied two methods: i) we used MWC 480 as a reference because its continuum emission is reasonably compact and bright; ii) we also checked the consistency of the flux calibration using the spectral index of DM Tau, as described in Dartois et al. (2003) . We cross-checked both methods and thus obtained a reliable relative flux calibration from one frequency to another. Using our method, we estimated the relative accuracy of our flux density scale to be significantly better than 10% at 3 mm.
Results
Integrated spectra (over a 6 ′′ ×6 ′′ region) are displayed in Fig.1 , superimposed with the best-fit disk model, as derived from the disk modelling described below.
The N 2 H + J=1→0 emission is very weak, and determination of the integrated area is complicated by the hyperfine structure. Furthermore, due to the Keplerian velocity gradient, some components overlap in velocity. Half of the signal is in the satellite components: computing the integrated line flux would require us to include these low S/N data using twice more bandwidth than for the main group. This would degrade the overall S/N ratio. To better illustrate the detection, we instead applied a filter in which each channel is weighted by the expected line intensity (obtained from the best fit), and the sum over channels was normalized by the sum of weights, a classical optimal filtering. This method confirms the detection but does not provide a quantitative estimate, which is given by the minimization (see below). The resulting weighted intensity maps are displayed in Fig.2 . Weak but significant detections are visible at the position of DM Tau and LkCa 15, but no signal is detected towards MWC 480.
The column density of N 2 H + is not a directly observable quantity, but it must be deduced from the map intensities, taking the line formation mechanism into account. In the analysis of disk line data the surface density is often assumed to be a power law, and then the power law index is fixed during the analysis. In this paper we follow a different approach by applying a minimization technique that results both in the N 2 H + column density and the power law index.
Since the analysis of the N 2 H + J=1→0 line is complicated by its hyperfine structure, we decided to estimate the N 2 H + column density by directly comparing the interferometric data to molecular disk models. Following Guilloteau & Dutrey (1998) , the data were analyzed inside the UV plane. For each source, we fit a passive Keplerian disk model that assumes powerlaw radial dependencies for the molecular rotation temperature (T r (r) = T 100 × ( r
100AU )
−q ) and the surface density
−p ). We assume hydrostatic equilibrium with a scale height derived from the CO measurements (see Piétu et al. 2007) , and a fixed local line-width ∆v. The model also takes into account the stellar mass (Table 1 ) and disk inclination ( Table 2 ). The disk parameters were taken as constant during the χ 2 minimization process. Only the surfacedensity law parameters (N 100 and p) of N 2 H + were varied during the minimization process. For thermalized lines such as CO J=1-0 and J=2-1 or HCO + J=1-0, the rotation temperature is a direct estimate of the gas kinetic temperature. In our case, we take the rotation temperature law from HCO + data (see Table 3 and Piétu et al. 2007 , for details). Such a low temperature implies that the HCO + J=1-0 emission is coming from the midplane. Given the expected temperature range that is measured in these disks (see Tables 2-3) , the chosen values have little influence on the derived column density.
The results of the fits are summarized in Table 3 and presented in Fig. 3 for DM Tau and in Fig. 4 for LkCa 15, respectively. We have chosen to show the results at 400 AU for DM Tau (300 AU for LkCa15) because it is the relevant scale for the IRAM data in terms of sensitivity and resolution. These figures indicate that we detected N 2 H + at the 4 -5 σ level in both sources, with a best-fit exponent of 2 -2.5. For MWC 480, the formal best fit leads to negative column densities, at the 1σ level: we thus only mention a 3σ upper limit for this source.
The 5σ detection in LkCa 15 corresponds to a column density that is apparently about a factor ∼ 100 below the column density deduced from OVRO data by Qi et al. (2003) , who report an observed value of 1.7 10 13 cm −2 . The difference can be traced down to several factors. Qi et al. (2003) indicate a total line flux of 0.3 Jy km/s (from their Table 1), while our best fit line flux is 0.15 Jy km/s. Furthermore, Qi et al. (2003) use a constant temperature of 30 K, and give the beam-averaged column density (p = 0), which corresponds to a source radius of ∼ 280 AU. Under the same conditions, we derive a column density of 4.5 ± 0.9 10 12 cm −2 . Assuming that the Qi et al. (2003) flux corresponds to the main group of hyperfine components resolves the discrepancy and shows we have detected 4 times less N 2 H + molecules than claimed by Qi et al. (2003) if we take the same conditions for the analysis. Part of the difference may be due to the treatment of the continuum: when comput- Piétu et al. (2007) . Note that the temperatures given here correspond to the observed (CO data) gas kinetic temperature from the cold mid-plane region and is higher in the disk intermediate layer. ing the integrated emission, we subtracted the continuum while Qi et al. (2003) included it with the justification that the lines are optically thick. The assumption that the lines are optically thick clearly does not agree with intensities detected so far in disks, as HCO + (1-0) (Semenov et al. 2005; Piétu et al. 2007 ), C 18 O(1-0) and 13 CO(1-0) (Dartois et al. 2003) , and N 2 H + (1-0) are optically thin. Furthermore, even for an optically thick line the continuum should be subtracted because at a given velocity in the disk, the line emission covers only a tiny fraction of the entire continuum, which is at most dV/V Kepler where dV is the local line-width and V Kepler the projected rotation velocity at the disk edge (Beckwith & Sargent 1993; Guilloteau et al. 2006) . Thus the integrated area of the line will be significantly overestimated if the continuum is not subtracted. The large discrepancy between our analysis and that of Qi et al. (2003) clearly demonstrates the necessity of taking proper care of the column density distribution. When comparing molecules with different apparent extents or observed with different interferometric beams, this is fundamental in order to avoid biases due to sensitivity limitations. In our case, we found p = 2.2 ± 0.8 for DM Tau and p = 1.6 ± 0.6 for LkCa 15. These values are deduced from the best N 2 H + models and are in complete agreement with the analysis performed for the most sensitive tracer HCO + . Most importantly, we derive [N 2 H + ]/[HCO + ] under the assumption that this ratio is constant with radius. This is justified both by the above agreement between the p values and by the chemical models presented in Sect.4. This result should serve as a warning that "observed" column densities either (i) come with assumptions for the surface density profile or (ii) are based on a fitting procedure within physical models. In our work, the terms "observed column densities" refer to values derived using the second method. The expression "modelled column densities" refers to column densities predicted by a chemical model, such as the one described in the next section.
Chemical modelling
Since our interferometric millimeter data are sensitivity limited, we have chosen to focus on the more prominent chemical effects. In this paper, our main goal is to reproduce the overall distribution of the observed molecular ions. Accordingly, the chemical model we use does not take into account grain growth and sedimentation. Similarly, Semenov et al. (2006) have shown that turbulent transport can modify the column densities and abundance distributions of some molecules with respect to the usual static chemical models in a number of cases. However, we do not include vertical/radial mixing here.
Model description
In order to confront the observed values with theoretical predictions, we used an updated gas-grain chemical model with surface reactions from Semenov et al. (2005) . Briefly, it is based on the UMIST'95 gas-phase network (Millar et al. 1997 ) supplemented with surface chemistry on uniform 0.1µm silicate grains from Hasegawa et al. (1992) and Hasegawa & Herbst (1993) and a small set of deuterium chemistry reactions (E.A. Bergin, private communication). Using measurements published during the last decade, we updated a few tens of important reaction rates in the UMIST'95 database (Vasyunin et al. 2006) . Overall, our chemical network consists of 560 species made of 14 elements and about 5400 reactions.
The primary ionization sources in this model include stellar X-ray and UV radiation, interstellar UV radiation, and cosmic ray particles, and the decay of short-lived radionuclides. The adopted intensity of the un-attenuated stellar UV flux at 100 AU from the central stars are given in the last column of Table 1 . We used the standard interstellar UV field of Draine (1978) and re-scaled it to match the corresponding stellar luminosities of TTauri stars according to the current limited knowledge of their UV spectra. This approach should be improved as soon as better UV data become available (see Bergin et al. 2006) . Note that the UV penetration is computed using a 1-D plane-parallel approach and thus the UV intensity in a given disk location is very likely underestimated in comparison with the full 2-D radiative transfer simulations; see van Zadelhoff et al. (2003) . The intensity and penetration of the stellar X-ray radiation are modelled using observational results of Glassgold et al. (2005) and Monte-Carlo simulations of Glassgold et al. (1997a,b) . The corresponding unattenuated ionization rates at 100 AU are equal to 4.5 10 This disk model has the ∼ 30 K temperature surface at ∼ 3 pressure scale heights (the CO surface where τ ∼ 1 for the CO J=2-1 transition) at a distance of 100 AU, in agreement with the results obtained by Dartois et al. (2003) and Piétu et al. (2007) . Other disk parameters are summarized in Table 2 .
With this physical and chemical model in hand and TMC1-like initial abundances, the chemical evolution is simulated over the 5 Myr (DM Tau and LkCa 15) and 7 Myr (MWC 480) evolutionary time. We repeated the modelling of the disk chemical evolution 20 times by using the same chemical network and varying its rate coefficients within their uncertainty limits, similar to Vasyunin et al. (2004) and Wakelam et al. (2005) . This allows us to get first-order estimates of the intrinsic uncertainties of the theoretical abundances. 
Ionization in disks and global evolution of N 2 H +
and HCO +
In Fig. 5 we present the model-averaged disk abundances of CO, several dominant ions, and the ionization fraction after a few Myr of evolution for all three objects without mixing. The Y-axis is expressed in units of the pressure scale height, H r , as defined in Dartois et al. (2003) .
More generally, in the upper surface layer ( > ∼ 2 scale heights) the dominant ion is H + , with an abundance up to ∼ 10 −3 (with respect to the total amount of hydrogen nuclei). Somewhat lower, at > ∼ 1.5 scale heights, the disk ionization de- gree is determined by ionized carbon, which is also the most abundant ion in all three disks ([
16 cm −2 around ∼ 200-500 AU). The evolution of both ions is governed entirely by fast photo-reactions due to energetic stellar UV field and X-rays and interstellar UV radiation. In contrast, the less abundant H + 3 ion mostly traces the fractional ionization closer to the disk midplane, [H
, where the cosmic ray particles remain the only ionization source. Unfortunately, all these important ions are not easily detectable in protoplanetary disks (however, see Kamp et al. 2003; Ceccarelli & Dominik 2005) .
The observationally most important ion in the outer disks is predicted to be HCO + (typical abundance value is < ∼ 10 −9 ). It is located in the warm molecular layer that is partly shielded from direct ionizing radiation from the central star and the ISM, at ∼ 1 pressure scale height. Note that the corresponding HCO + is less abundant in the disk region where the CO concentration is high, that is, in the CO molecular layer above about one pressure scale height. On the other hand, it also cannot be abundant in the disk surface layer exposed to the energetic radiation from the star, which destroys all polyatomic species within ∼ 10 4 years. Finally, it cannot reach high levels of concentration in the outer disk midplane (R > 400 AU in DM Tau and LkCa 15, and R > 200 AU in MWC 480) because the evolution of N 2 H + in the entire midplane region is governed by a cycle between ion-molecule reactions of N 2 with the most abundant ion, H + 3 ( < ∼ 10 −9 ), and dissociative recombination of N 2 H + with electrons and charged grains. Consequently, at very low temperatures in the outer midplane a volatile product of the N 2 H + dissociation, namely NH (desorption energy is 600 K), is frozen out on grain surfaces and eventually converted to solid NH 3 by a two-step process of surface hydrogenation:
Thus, after about 1 Myr of evolution all nitrogen is locked in solid ammonia that has an abundance of about 10 −5 . In contrast, in the warmer disk midplane region that is located closer to the central star, NH is not totally frozen out and thus the surface formation of ammonia is not that efficient. Therefore, about 10% of all nitrogen is locked in solid N 2 (∼ 2 10 −6 ), but a minor fraction of molecular nitrogen remains in the gas phase (∼ 10 −8 ) and reacts with H + 3 , forming N 2 H + . Note that there is a thin layer devoid of N 2 H + at about 0.7 scale height in the disk of DM Tau at 100 AU and, to a lesser extent, LkCa 15. In contrast to the Herbig Ae star MWC 480, these two Sun-like T Tau stars are strong emitters of hard Xray radiation (Glassgold et al. 2005 ). The stellar X-ray radiation cannot propagate directly through the disk midplane, but in general has larger penetration depth toward the disk interior than UV photons. Semenov et al. (2004) have shown that the attenuated X-rays can drive a peculiar chemistry leading to the production of complex (organic) species on dust grains.
Discussion
Observed abundances of molecular ions in disk
HCO
+ is observed in many astrophysical media with a wide variety of physical conditions, from diffuse clouds (Liszt & Lucas 2001) up to dense cores (Caselli et al. 2002a) . N 2 H + , which can be significantly less abundant and even depleted in very dense cores (Pagani et al. 2005 ), appears more difficult to observe (Tafalla et al. 2004 ). Moreover, as described in Sect. 4.2, N 2 H + can be destroyed by reactions with CO to give HCO + (see also, Anicich & Huntress 1986) . Hence, HCO + and N 2 H + usually do not coexist. Having abundance estimates coming from the same area is not so easy. This is, for example, illustrated by Jørgensen (2004) in L483-mm where he finds that the HCO + traces the large scale outflow, while N 2 H + traces the quiescent material (in the core) being accelerated by the outflow (see also his Fig.13) . Observations of absorption lines in diffuse clouds in front of bright quasars allow Liszt & Lucas (2001) (Tafalla et al. 2004; Caselli et al. 2002b Table 3 ). The abundance ratios we observe in the TTauri disks are therefore similar to those observed and modelled in dense cores of cold molecular clouds.
Reliability of chemical model
Our non-mixing chemical model (described in Sect. 4.2) coupled to a 1+1D steady-state disk model with small sub-micron size dust grains cannot reproduce the complexity of the disk + at some radii are partly due to the limited resolution of the chemical model (see Fig. 5 ). For HCO + , the error bars include the (measured) uncertainty on the excitation temperature for DM Tau, while this excitation temperature was imposed for LkCa 15 and MWC 480 structure. Surprisingly, we are able to obtain reasonable global agreements with the observed column densities of N 2 H + and HCO + around 400 AU in all three disks (see Fig. 6 ). But we fail to reproduce in detail the observed slopes p. The modelled N 2 H + column density is in general too high in the outer disk (R > 400 AU), while the HCO + column density appears too low in the inner part of the disks. However, in the model as in the observations, the [HCO + ]/[N 2 H + ] ratio is almost constant with radius. More precisely, the value of ∼ 3 10 11 cm
for the column density of N 2 H + in the DM Tau disk is about 50% higher than the observed value, which is well within the error bars of a factor of 3 in the abundance due to the inaccuracy of the reaction rates in the UMIST'95 ratefile (see Vasyunin et al. 2004; Wakelam et al. 2005) . The overall agreement between the modelled and observed column densities of HCO + in DM Tau, LkCa 15, and MWC 480 is not as good as for N 2 H + (see Fig. 6 ). The observed value of about 5 10 12 cm −2 that is nearly equal for the three disks is 3 times higher than predicted by the MWC 480 model and 3 times lower than obtained with the DM Tau and LkCa 15 disk models. Note that the computed HCO + column densities also suffer from intrinsic uncertainties caused by the reaction rate uncertainties, about a factor of 3-4.
Since the chemistry of HCO + is sensitive to the grain growth, the presence of large grains, as usually observed in disks with dust spectral index β ≃ 1 − 0.5, may also account for the discrepancy between the results of the applied chemical models and observational data, especially for HCO + , but due to the limitations of the current chemical prescription this cannot be easily checked.
Determining the disk ionization fraction
As shown in the previous section, the ionization fraction in different disk regions is dominated by distinct ions, with C + the most abundant one in the upper layer. Is there any possibility of estimating the degree of ionization in some disk regions or even in the entire disk?
The HCO + abundance gives a lower limit to the electron fraction, [ Another simple approach, but independent of the observations, to obtain an estimate of the disk fractional ionization is to use the equation of chemical equilibrium (e.g., Gammie 1996) :
where ζ is the ionization rate (in s −1 ), k rec is a typical recombination rate (cm 3 s −1 ), and n H is the hydrogen number density. Semenov et al. (2004) have demonstrated that the equilibrium approach is appropriate in most disk regions. For the HCO + and N 2 H + ions, the recombination rates in our chemical network are k rec = 3 10 −7 (T/300) −0.64 cm 3 s −1
and k rec = 10 −7 (T/300) −0.5 cm 3 s −1 , respectively (Millar et al. 1997; Geppert et al. 2004 Geppert et al. , 2005 . The steady-state values of the ionization degree in the warm molecular layers of the outer disk range are presented in Table 4 . Temperatures were taken from Table 2, the density from Dartois et al. (2003) , and the Xray ionization rates from Glassgold et al. (2005) . The cosmic ray rate is 1.3 10 −17 s −1 . The values in Table 4 are consistent with the results of the detailed chemical calculations shown in Fig. 5 (first row, one scale height and radius ∼ 200-500 AU). These values are high enough to allow magneto-rotational instability to operate in this region of the disks (see discussion in Semenov et al. 2004 ).
Summary
Using the IRAM array, we report new observations of N 2 H are not. The latter disagreement may be linked to the limits of the chemical modelling, which does not include processes like grain growth or turbulent mixing. It could also be due to an over-simplistic disk structure, since Piétu et al. (2006) have shown that the dust distribution in LkCa 15 and MWC 480 are quite different from the simple density distribution adopted here.
